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Dissecting Intersubunit Contacts
in Cyclic Nucleotide-Gated Ion Channels
curve for activation by cGMP and an increase in the
fractional current activated by the partial agonist cAMP
(Gordon et al., 1997). These data suggest that the
Tamara Rosenbaum and Sharona E. Gordon1
Department of Ophthalmology and
Department of Physiology and Biophysics
University of Washington N-terminal and the C linker regions lie in close proximity
Seattle, Washington 98195 in the tertiary structure.
Biochemical methods have been used to show that,
more than being simply proximal, the N-terminal and
the C linker regions of CNGA1 channels directly interact.
Summary Polypeptides corresponding to the sequence of the
N-terminal region were found to interact with polypep-
In cyclic nucleotide-gated (CNG) ion channels, binding tides corresponding to the sequence of the C-terminal
of cGMP or cAMP drives a conformational change region containing the C linker in gel overlay assays. This
that leads to opening of an ion-conducting pore. One interaction persisted in the presence of dithiothreitol
region implicated in the coupling of ligand binding to (DTT) and was observed even in polypeptides in which
opening of the pore is the C linker region. Here, we
the cysteine residues were absent (Gordon et al., 1997).
used crosslinking of endogenous cysteines to study
Thus, the disulfide bond observed to form between C35
interregion proximity. We demonstrate that an individ-
and C481 reports an interaction between the N-terminalual amino acid—C481—in the C linker region of each
region and the C-terminal region that is more extensiveof two neighboring subunits can form a disulfide bond.
than just a proximity between cysteines. Although thereFurther, using tandem dimers, we show that a disulfide
is little sequence similarity between CNGA1 and CNGA2bond between C35 in the N-terminal region and C481
channels in their N-terminal region, the latter also showsin the C linker region can form either within a subunit
an interaction between the N- and C-terminal regions.or between subunits. From our data on proximity be-
Further, the N-terminal region of CNGA2 channels istween individual amino acids and previous studies, a
thought to act as an autoexcitatory domain when it inter-picture emerges of the C linker as a potential dimeriza-
acts with the C-terminal region. Interruption of this inter-tion interface.
action by Ca2/calmodulin underlies adaptation in olfac-
tory receptor cells (Liu et al., 1994; Varnum and Zagotta,
1997). Thus, a functional interaction between the N andIntroduction
C termini may constitute a general theme of CNG chan-
nel structure and activation.Cyclic nucleotide-gated (CNG) channels are important
mediators in the visual and olfactory transduction path- The special nature of C481 in the CNGA1 C linker
ways. They are also present in a variety of other tissues region (Gordon et al., 1997) allows it to be used as a
where they likely function to facilitate Ca2 entry (re- reporter of disulfide bond formation. Because it is modi-
viewed in [Richards and Gordon, 2000; Zagotta and fied preferentially when the channels are in the open
Siegelbaum, 1996]). In vertebrates, there are at least six state, its involvement in a disulfide bond decreases the
different CNG channel subunit genes, with homology free energy of the open state relative to the closed state
between families ranging from 30%–70%. Although (Gordon et al., 1997). Thus, opening of channels in which
some types of CNG channel subunits can form func- C481 is involved in a disulfide bond is more favorable
tional homomultimeric channels when expressed in a than in unmodified channels.
heterologous system, in vivo they appear to be con- In this study, we have explored the immediate environ-
structed as heterotetramers composed of 2–3 different ment of C481 and, by extension, the distal C linker. In the
types of subunits per channel complex (Bonigk et al., background of a cysteineless channel, we constructed
1999). With six membrane-spanning domains, intracellu- mutant CNGA1 subunits that contained only C35, only
lar N and C termini, and conservation in the pore region, C481, or C35 and C481 in combination. We found that
CNG channels belong in the superfamily of voltage- under our oxidizing conditions, a disulfide bond formed
gated ion channels, even though they are not activated between C481 residues of different subunits, indicating
by voltage alone (Jan and Jan, 1990, 1992). that this region of the C linker is closely coupled between
An interaction between the N-terminal and the C linker subunits. By making concatenated dimers, we deter-
regions of CNGA1 channels has been previously de- mined that the coupling occurs between neighboring
monstrated using electrophysiological and biochemical subunits, but not between opposite subunits, when only
methods (Gordon et al., 1997). It was shown that a disul- two subunits of the dimer contain C481. Furthermore,
fide bond between a cysteine residue at position 35 of by introducing C35 into some of the subunits of the
the N-terminal region and a cysteine residue at position dimers, we found that the disulfide bond between C35
481 of the C linker region can be induced by mild oxidiz- and C481 could occur either within or between subunits.
ing conditions. Formation of this disulfide bond alters
Thus, the C linker and N-terminal region of neighboring
channel function, giving a left shift of the dose-response
subunits appear to be close together in space, forming
intra- and intersubunit contacts with potentially impor-
tant functional implications.1Correspondence: seg@u.washington.edu
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Figure 1. Cu/P Potentiates c7-C35,C481
Channels
(A) Dose-response relations for activation by
cGMP. The smooth curves are fits with the
Hill equation (see Experimental Procedures)
with K1/2 82 M, Imax  5271 pA, and n 
1.8 initially (closed circles) and K1/2 4.2 M,
Imax  5291 pA, and n  0.6 after a 2 min
treatment with Cu/P plus 2 mM cGMP (open
circles).
(B) Currents from inside-out patches pro-
duced by voltage jumps from a holding po-
tential of 0 to 100 mV. Currents activated
by either 2 mM cGMP (left), 2 M cGMP (mid-
dle), or 20 mM cAMP (right) were measured
initially (top) and after a 1 min treatment with
Cu/P plus 2mM cGMP (bottom). Data are from
the same patch as in (A).
Results contrast, it increased the currents in response to low
concentrations of cGMP (2 M; Figure 1B, middle), shift-
ing the dose-response relation for activation by cGMPInteraction between C Linker Regions
in CNGA1 Channels to the left (Figure 1A, open circles). In addition, Cu/P
treatment decreased the slope of the dose-responseIn this study, we probed channels expressed from
CNGA1 subunits for interregion proximity. We used di- relation for activation by cGMP. The effects of disulfide
bond formation could also be observed in the currentssulfide bond formation between native cysteine residues
as a reporter of proximity between the regions con- activated by the partial agonist cAMP. A saturating con-
centration of cAMP (20 mM) activated only a small frac-taining the cysteines. To simplify the experimental sys-
tem, we used as a background a channel in which all tion of the channels before Cu/P treatment (Figure 1B,
top right) but became nearly as full an agonist as cGMPthe native cysteines were mutated to other residues
(Matulef et al., 1999), and in which the H420Q mutation after Cu/P treatment (Figure 1B, bottom right). The ef-
fects of Cu/P were slowly reversed by DTT (data notwas also present, to eliminate potential gating effects
of divalent cations (Gordon and Zagotta, 1995a) (see shown), indicating that Cu/P potentiation of channel ac-
tivation was due to disulfide bond formation.Experimental Procedures). To simplify the nomencla-
ture, we refer to this background construct as c7. One
cysteine in the N-terminal region (C35) and one in the Cu/P Potentiates Channels Containing Only C481
We also examined the effects of oxidation on channelsC linker region (C481) were then reintroduced, either
separately or in combination. Figure 1 shows the results containing only C35 or only C481. Although it has been
reported previously that Cu/P does not modify the activ-of oxidation by Copper (II) phenanthroline (Cu/P) of c7-
C35,C481 channels. In these experiments, we applied ity of channels missing either of these cysteines (Gordon
et al., 1997), we wanted to confirm that the oxidizingvarious concentrations of cGMP as well as a saturating
concentration of cAMP to the cytoplasmic surface of conditions in our solutions had no functional effect on
these channels. In agreement with previously publishedinside-out excised patches from Xenopus oocytes. After
performing the initial measurements (Figure 1A, closed results, Cu/P plus cGMP had no effect on the activity
of c7-C35 channels (Figure 2A). We next tested the ef-circles, and 1B, top), we incubated the patch for 2 min
with Cu/P plus 2 mM cGMP, and subsequently remea- fects of Cu/P treatment on c7-C481 channels. In con-
trast to the previous report (Gordon et al., 1997), Cu/Psured the cGMP- and cAMP-activated currents. Cu/P
did not modify currents obtained in response to a satu- treatment markedly enhanced the channel’s activity. As
shown in Figure 2B, we observed a shift in the dose-rating cGMP concentration (2 mM; Figure 1B, left). In
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Figure 2. Cu/P Potentiates c7-C481 Channels but Not c7-C35 Channels
(A) Dose-response relations for activation by cGMP of c7-C35 channels. The smooth curves represent fits with the Hill equation with K1/2 
15 M, Imax  13515 pA, and n  2 initially (closed circles), and K1/2  9.6 M, Imax  12183 pA, and n  1.8 after a 5 min treatment with Cu/P
plus 2 mM cGMP (open circles).
(B) Dose-response relations for activation by cGMP of c7-C481 channels. The smooth curves represent fits with the Hill equation with K1/2 
50 M, Imax  580 pA, and n  1.8 initially (closed circles); K1/2  12 M, Imax  563 pA, and n  0.9 after a 5 min treatment with Cu/P plus 2
mM cGMP (open circles); and K1/2  45 M, Imax  540 pA, and n  2.2 after a subsequent 10 min DTT treatment (squares).
(C) State dependence of disulfide bond formation in c7-C481 channels. Dose-response relations for activation by cGMP. Smooth curves
represent fits with the Hill equation with K1/2  53 M, Imax  5735 pA, and n  2 initially (closed circles); K1/2  46 M, Imax  5735 pA, and
n  2.2 after a 5 min treatment with Cu/P plus 2 mM cAMP (triangles); and K1/2 1.5 M, Imax  4616 pA, and n  0.6 after a 5 min treatment
with Cu/P plus 2 mM cGMP (open circles).
(D) Left panel, difference in the K1/2 for cGMP activation before and after treatment with Cu/P. Closed circles represent K1/2 values for the
various constructs initially. Open circles represent K1/2 values after treatment with Cu/P plus 2 mM cGMP. Points represent the mean, with
error bars representing the SEM. The number of patches for each construct ranged from 7 to 19. Right panel, difference in the ratio of current
activated by 20 mM cAMP to that activated by 2 mM cGMP (I(cAMP)/I(cGMP)) before and after treatment with Cu/P. Closed circles depict the I(cAMP)/
I(cGMP) ratio initially and open circles the I(cAMP)/I(cGMP) ratio after treatment with Cu/P plus 2 mM cGMP. Points and error bars are as in the left
panel. The number of patches for each construct ranged from 7 to 19. * denotes a statistical difference of p  0.05, Student’s t test.
response relation for activation by cGMP to the left after Cu/P did not affect the K1/2 or fractional activation by
cAMP for these channels. Interestingly both c7 and c7-treatment with Cu/P plus cGMP. To compare the effects
of Cu/P treatment on the apparent affinity for cGMP C35 channels have an increased apparent affinity for
cGMP (decreased K1/2; Figure 2D). Both of these con-for the above channel types, we plotted the initial K1/2
(concentration of cGMP calculated to half-maximally ac- structs have a phenylalanine at position 481, in contrast
to the other constructs shown which have a cysteinetivate the channels; see Experimental Procedures) and
the K1/2 after Cu/P treatment for each of the above chan- instead. The ability of a mutation at 481 to alter channel
properties is consistent with the robust potentiation ob-nel types in Figure 2D (left). This figure shows that Cu/P
treatment significantly decreased the K1/2 values for both served by chemical modification of cysteine at that po-
sition.c7-C35,C481 and c7-C481, whereas values for K1/2 of
c7-C35 were not altered. In Figure 2D (right) we plotted One property of previously studied modifications of
C481 is that they occurred in an open-state-specificthe current activated by 20 mM cAMP normalized to
that activated by 2 mM cGMP (both saturating concen- manner (Brown et al., 1998; Gordon et al., 1997). We
tested to see whether the Cu/P-induced potentiationtrations) for the same constructs before and after Cu/P
treatment. Again, treatment with Cu/P plus cGMP signif- might likewise occur preferentially when Cu/P is applied
to open channels compared to when applied to closedicantly potentiated activation of c7-C35, C481, and c7-
C481 channels but not c7-C35 channels. Also plotted channels. After initial measurements with cGMP (Figure
2C, closed circles), we applied Cu/P in the presence ofin Figure 2D is the data for c7 channels. As expected,
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a saturating concentration of cAMP, which binds to the
channels but is not effective at promoting opening. We
used Cu/P plus cAMP here instead of applying Cu/P in
the complete absence of ligand in order to most closely
mimic the Cu/P plus cGMP treatment. Thus, in both
cases, Cu/P is applied to fully liganded channels, and
the only difference between applying Cu/P with cGMP
or cAMP is whether the channels are open (cGMP) or
closed (cAMP). This treatment of closed channels with
Cu/P did not produce a shift in the dose-response rela-
tion for activation by cGMP (Figure 2C, triangles). A
subsequent treatment of the same patch with Cu/P in
the presence of a saturating concentration of cGMP
produced a large shift to the left of the dose-response
relation for activation by cGMP (Figure 2C, open circles).
The conformation change that occurs in C481 needed
for Cu/P potentiation thus requires not just ligand bind-
ing but also channel opening.
Potentiation of c7-C481 Indicates Formation
of a Disulfide Bond
The unexpected potentiation of channels containing
only C481 raised the question of whether the functional
effects of Cu/P were due to formation of a disulfide bond.
It has previously been shown that many modifications of
C481 can cause potentiation (Broillet, 2000; Brown et
al., 1998; Gordon et al., 1997); we wondered if overoxida-
tion of C481 to sulfinic or sulfonic acid could be causing
the potentiation we observed here. One difference be-
Figure 3. Cu/P Promotes Formation of Subunit Dimers by c7-C481tween Cu/P leading to formation of a disulfide bond
but Not c7 on SDS Gels
versus oxidation to sulfinic or sulfonic acid is that the
(A) Dose-response relations for activation of c7-C481 channels byformer reaction should be reversed by DTT, whereas
cGMP. Smooth curves represent fits with the Hill equation with K1/2
the latter should not. By applying DTT to patches after 100 M, Imax  5007 pA, and n  1.7 initially (closed circles), and
Cu/P treatment, we could thus distinguish between K1/2  15 M, Imax  5009 pA, and n  0.4 after a 1 min treatment
with iodine plus 2 mM cGMP (diamonds).these two possibilities. The results of one such experi-
(B) Dose-response relations for activation of c7 channels by cGMP.ment are shown in Figure 2B. In this case, after initial
Smooth curves represent fits with the Hill equation with K1/2  6.9measurements were made (closed circles), patches
M, Imax  5302 pA, and n  2.1 for the data initially (closed circles),were briefly treated with Cu/P plus cGMP, and the cur-
and after a 1 min treatment with iodine plus 2 mM cGMP (diamonds).
rent measurements repeated (open circles). The patch (C) Western blot of iodine-treated oocytes. Oocytes expressing c7-
was then treated with DTT for 10 min and currents were C481 (lanes 1–3) or c7 (lanes 4 and 5) were prepared as described
in Experimental Procedures. The presence of iodine, cGMP, andmeasured again (squares). The reversal of Cu/P-induced
DTT are as denoted by the “” and “” signs at the bottom of thepotentiation by DTT indicates that it resulted from disul-
blots. The doublets seen here represent the unglycosylated (lower)fide bond formation.
and glycosylated forms of the channels (Rho et al., 2000).A more direct approach to the question of whether a
disulfide bond forms between C481 residues is to exam-
ine the size of oxidized channels using SDS/PAGE. If a bath that also contained iodine or iodine plus cGMP.
After incubation, we homogenized the oocytes, centri-disulfide bond forms between C481 residues of different
subunits, we would expect to see a band representing fuged briefly, and ran the supernatant on a gel. Examples
of such experiments are shown in Figure 3C. Lane 1these covalently linked dimers at approximately twice
the molecular weight of the monomers. For this experi- shows channels treated with iodine alone. A monomer
band at about 80 kDa was observed, with no bands atment, we used iodine as an oxidant instead of Cu/P
because factors inside the cells appeared to inactivate higher molecular weights. When oocytes were treated
with both iodine and cGMP, we observed the monomerthe Cu/P. To confirm that iodine treatment could pro-
duce potentiation like that of Cu/P, we first performed band and a second band at approximately 160 kDa (lane
2). The 160 kDa band was reduced by DTT (lane 3) andpatch-clamp experiments and examined the effects of
iodine on channel function. Iodine produced a robust was not seen in c7 channels (lanes 4 and 5). At twice
the molecular weight of the monomers, we interpretshift in the dose-response relation for activation by
cGMP for c7-C481 channels (Figure 3A) but not for the this 160 kDa band to represent two subunits covalently
linked by a disulfide bond at C481. Similar results werecysteineless c7 channels (Figure 3B), indicating that it
could promote the formation of a disulfide bond between seen in three independent experiments. This state de-
pendence of disulfide bond formation reflects the open-C481 residues. We next injected oocytes with either
iodine alone or iodine in combination with a saturating state-specific accessibility or reactivity of C481 demon-
strated above in Figure 2C. We can conclude, then, thatconcentration of cGMP and incubated the oocytes in a
Subunit Interactions in CNGA1 Channels
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the potentiation of c7-C481 channels caused by Cu/P
treatment results from formation of a disulfide bond
between C481 residues.
Intersubunit Arrangement of C481-C481
Disulfide Bond
The intersubunit association of C linker residues has
precedent. It has previously been shown that a histidine
at the proximal end of the C linker—H420—chelates
Ni2 between neighboring, but not opposite, subunits
(Gordon and Zagotta, 1995b). Other residues from the
end of the last transmembrane domain through 420 are
also likely to act in this manner (Johnson and Zagotta,
2001). We wondered if the C481-C481 disulfide bond
might also show positional selectivity, and if so, whether
it would form preferentially between neighboring or op-
posite subunits.
To test these two possibilities, we produced concate-
nated dimers, with the idea of producing channels that
contain different cysteines in each subunit. For each
construct, two dimers are expected to come together
to form one functional channel. Assuming that the linker
between the subunits within a dimer is always in the
same configuration, these constructs will give rise to
channels with half the subunits being of one type (e.g.,
containing a specific cysteine residue) and half the sub-
units being of another type (e.g., lacking cysteines).
For controls, we first examined two constructs in
which both subunits of the dimer were the same: dimers
with C481 as the only cysteine in both subunits (c7-
C481/c7-C481) and dimers with no cysteines in either
subunit (c7/c7). As shown in Figures 4 and 5D, these
dimers behaved like their constituent monomers; c7-
C481/c7-C481 were significantly potentiated by treat-
ment with Cu/P plus cGMP (Figure 4A), and c7/c7 were
not affected by treatment with Cu/P plus cGMP (Figure
4B). We then tested two constructs in which one subunit
Figure 4. Cu/P Potentiates c7-C481/ c7-C481 Dimers but Not c7/c7of the dimer had no cysteines and one had a single
Dimerscysteine at position 481. To rule out errors that can
(A) Dose-response curves for activation by cGMP for channelsarise from anomalous assembly of dimers into functional
formed from c7-C481/c7-C481 dimers. The smooth curves repre-
channels, we produced two such channels: one in which sent fits with the Hill equation with K1/2  32 M, Imax  735 pA, and
c7-C481 was the first subunit of the dimer and one in n  1.9 initially (closed circles), and K1/2  5 M, Imax  711 pA, and
which it was the second subunit of the dimer. Each of n  0.85 after a 1 min treatment with Cu/P plus 2 mM cGMP (open
circles).these constructs is expected to give channels in which
(B) Dose-response curves for activation by cGMP for channelsoppositely arranged subunits contain C481. As shown
formed from c7/c7 dimers. The smooth curves represent fits within Figures 5A, 5B, and 5D, for both constructs, treatment
the Hill equation with K1/2  17 M, Imax  1825 pA, and n  1.4with Cu/P plus cGMP did not produce a shift in the initially (closed circles), and K1/2  13 M, Imax  1686 pA, and n 
dose-response relation for activation by cGMP nor an 1.6 after a 1 min treatment with Cu/P plus 2 mM cGMP (open circles).
increase in the fractional activation by cAMP.
To examine whether channels with C481 residues on subunits will be neighboring instead of opposite. If a
neighboring subunits would be potentiated by Cu/P, single disulfide bond per channel is sufficient to produce
we took an approach previously used to establish the potentiation and this bond can form between C481 resi-
positional selectivity of Ni2 chelation by H420 (Gordon dues of neighboring subunits, then Cu/P treatment
and Zagotta, 1995b). We coexpressed the two hetero- should result in potentiation of function in this fraction
dimers used above, c7/c7-C481 and c7-C481/c7. As- of the population. The results of this experiment are
suming random assembly, we expect two kinds of chan- seen in Figures 5C and 5D. Indeed, Cu/P plus cGMP
nels to form. One type would form from two copies treatment produced a shift to the left of the dose-
of either c7/c7-C481 or c7-C481/c7 and, like those in response relation for activation by cGMP as well as an
Figures 5A and 5B, should not be affected by Cu/P increase in the fractional activation by cAMP. These
treatment. A second type would form from one copy of data indicate that a disulfide bond forms preferentially
each c7/c7-C481 and c7-C481/c7. This second popula- between C481 residues of neighboring subunits and that
tion will still have only two C481-containing subunits even one such disulfide bond per channel is sufficient
to produce potentiation.but, unlike those already tested, the C481-containing
Neuron
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Figure 5. Cu/P Does Not Potentiate c7/c7-C481 or c7-C481/c7 Expressed Individually but Does Potentiate c7/c7-C481 and c7-C481/c7
Expressed in Combination
(A) Dose-response relation for activation by cGMP of channels formed from c7/c7-C481 dimers. The smooth curves represent fits with the
Hill equation with K1/2  53 M, Imax  388 pA, and n  1.2 initially (closed circles), and K1/2 36 M, Imax  372 pA, and n  1.2 after a 1 min
treatment with Cu/P plus 2 mM cGMP (open circles).
(B) Dose-response relation for activation by cGMP of channels formed from c7-C481/c7 dimers. The smooth curves represent fits with the
Hill equation with K1/2  10 M, Imax  983 pA, and n  2 initially (closed circles), and K1/2 10 M, Imax  975 pA, and n  1.7 after a 1 min
treatment with Cu/P plus 2 mM cGMP (open circles).
(C) Dose-response relation for activation by cGMP of channels formed by coexpressing c7/c7-C481 and c7-C481/c7 dimers. The smooth
curves are fits with the Hill equation with K1/2  67 M, Imax  1616 pA, and n  1.4 initially (closed circles), and K1/2  22 M, Imax  1564 pA,
and n  1.4 after a 1 min treatment with Cu/P plus 2 mM cGMP (open circles).
(D) Left panel, difference in the K1/2 for cGMP activation before and after treatment with Cu/P. Symbols have the same meaning as in Figure
2D, left panel. The number of patches for each construct ranged from 3 to 5. Right panel, difference in the I(cAMP)/I(cGMP) ratio before and after
treatment with Cu/P. Symbols have the same meaning as in Figure 2D, right panel. The number of patches for each construct ranged from
three to five. * denotes a statistical difference of p  0.05, Student’s t test.
Arrangement of the C35-C481 Disulfide Bond disulfide bond formed between cysteines within a sub-
unit. We next tested a dimer in which one subunit con-We next investigated the interaction between the
N-terminal and C linker regions. Because each subunit tained C481 and the other contained C35 (c7-C481/c7-
C35). Channels produced from this construct were alsoof c7-C35,C481 channels has both C35 and C481, there
are two general ways in which this disulfide bond could potentiated by Cu/P plus cGMP treatment (Figures 6C
and 6D). Because in this case none of the subunitsform: intersubunit or intrasubunit. The question of whether
one way is favored could be addressed using concate- contained both C35 and C481, the disulfide bond must
have formed between subunits. These experiments,nated dimers as well. As negative controls, we looked
both at the constructs examined above, which con- then, show that the disulfide bond between the cysteine
in the N-terminal region and the cysteine in the C linkertained C481 in only one subunit (Figure 5), and at a
construct that contained C35 in only one subunit (c7/ region can be either intrasubunit or intersubunit.
c7-C35; Figures 6A and 6D). We next examined c7/c7-
C35,C481. This construct has no cysteines in the first Effect of Cu/P on Wild-Type CNGA1
and CNGA1-C35A Channelssubunit of the dimer and both C35 and C481 in the
second subunit of the dimer. We found that channels The potentiation observed with c7-C481 channels is at
odds with a previous report that CNGA1 channels informed from either this construct (Figures 6B and 6D) or
its converse (c7-C35,C481/c7; Figure 6D) were robustly which C35 had been mutated to alanine exhibited re-
duced potentiation in response to Cu/P treatment (Gor-potentiated by treatment with Cu/P plus cGMP. Since
these constructs have only two types of subunits—those don et al., 1997). Additionally, the potentiation we report
here is faster than previously observed, giving largerwith no cysteines and those with both C35 and C481—
the simplest way to explain this potentiation is if the shifts in the dose-response relation for activation by
Subunit Interactions in CNGA1 Channels
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Figure 6. Cu/P Has No Effect on c7/c7-C35 Channels and Potentiates c7/c7-C35,C481 and c7-C481/c7-C35 Channels
(A) Dose-response relations for activation by cGMP of channels formed from c7/c7-C35 dimers. The smooth curves represent fits with the
Hill equation with K1/2  13 M, Imax  1449 pA, and n  2 initially (closed circles), and K1/2  10 M, Imax  1451 pA, and n  1.6 after a 1 min
treatment with Cu/P plus 2 mM cGMP (open circles).
(B) Dose-response relations for activation by cGMP of channels formed from c7/c7-C35,C481 dimers. The smooth curves represent fits with
the Hill equation with K1/2  84 M, Imax  276 pA, and n  1.3 initially (closed circles), and K1/2  9 M, Imax  258 pA, and n  1.1 after a 1
min treatment with Cu/P plus 2 mM cGMP (open circles).
(C) Dose-response relations for activation by cGMP of channels formed from c7-C481/c7-C35 dimers. The smooth curves represent fits with
the Hill equation with K1/2  31 M, Imax  735 pA, and n  1.8 initially (closed circles), and K1/2 6 M, Imax  711 pA, and n  0.8 after a 1
min treatment with Cu/P plus 2 mM cGMP (open circles).
(D) Left panel, difference in the K1/2 for cGMP activation before and after treatment with Cu/P. Symbols have the same meaning as in Figure
2D, left panel. The number of patches for each construct ranged from three to five. Right panel, difference in the I(cAMP)/I(cGMP) ratio before and
after treatment with Cu/P. Symbols have the same meaning as in Figure 2D, right panel. The number of patches for each construct ranged
from three to five. * denotes a statistical difference of p  0.05, Student’s t test.
cGMP when applied for brief times. We wondered Cu/P treatment of wild-type CNGA1 channels compared
to c7-C481 and c7-C35,C481 channels indicates thatwhether a difference in the constructs used here, in
which five additional cysteines have been mutated to the additional cysteine substitutions did not materially
affect the accessibility or reactivity of the remaining cys-other residues, might explain both phenomena. To test
this hypothesis, we repeated our experiments using the teines.
same constructs—expressed from the very same sam-
ples of RNA—used previously. Figure 7A shows the re-
sults from an experiment examining wild-type CNGA1 Discussion
channels, containing the seven native cysteines, and
Figure 7B shows results from an experiment examining In this study, we have examined the formation of disul-
fide bonds in CNGA1 channels involving C35 in theCNGA1-C35A channels, containing six of the seven na-
tive cysteines. In both cases, Cu/P plus cGMP treatment N-terminal region and C481 in the C linker region. We
used a cysteineless background to eliminate potentialshifted the dose-response relation for activation by
cGMP to the left and increased the cAMP-activated cur- involvement of other cysteines within the channel. We
present three findings: (1) in functional channels, the Crent by a magnitude similar to that seen for c7-C35,C481
and c7-C481 channels (Figure 7). These data indicate linker regions of different subunits lie in close proximity
so that a disulfide bond can form between C481 resi-that differences in the constructs cannot account for
the slower (and less complete) potentiation previously dues; (2) contact between C linker regions at the level
of C481 appears to occur between neighboring, but notobserved with both CNGA1 and CNGA1-C35A channels.
The similarity between the potentiation produced by opposite, subunits; and (3) the N-terminal region at the
Neuron
710
Figure 7. Cu/P Potentiates CNGA1 and
CNGA1-C35A Channels
(A) Dose-response relations for activation by
cGMP of CNGA1 channels. Smooth curves
represent fits with the Hill equation with K1/2
73 M, Imax  11129 pA, and n  2 initially
(closed circles), and K1/2 19M, Imax 11679
pA, and n  1 after a 3 min Cu/P plus 2 mM
cGMP treatment (open circles).
(B) Dose-response relation for activation by
cGMP of CNGA1-C35A channels. The
smooth curves represent fits with the Hill
equation with K1/2  74 M, Imax  6888 pA,
and n  1.9 initially (closed circles), and K1/
2  5 M, Imax  6137 pA, and n  0.6 after a
5 min treatment with Cu/P plus 2 mM cGMP
(open circles).
(C) Left panel, difference in the K1/2 for cGMP
activation before and after treatment with
Cu/P. Symbols have the same meaning as in
Figure 2D, left panel. The number of patches
for each construct ranged from seven to
eight. Right panel, difference in the I(cAMP)/I(cGMP)
ratio before and after treatment with Cu/P.
Symbols have the same meaning as in Figure
2D, right panel. The number of patches for
each construct ranged from seven to eight. *
denotes a statistical difference of p  0.05,
Student’s t test.
level of C35 can contact the C linker region both of the short Cu/P treatments drive disulfide bond formation to
near completion. We do not clamp the oxidizing poten-same subunit and of a neighboring subunit.
tial of our solutions and cannot control several variables
that influence it. Perhaps stronger oxidizing conditions
Proximity of C Linkers Revealed by C481-C481 promoted formation of a disulfide bond (C481-C481)
Disulfide Bond that previously was too slow to resolve. This would sug-
We show that a disulfide bond can form between cys- gest that formation of the C35-C481 disulfide bond,
teines in the 481 position (Figures 2 and 3). The observa- which can form in at least two ways (intrasubunit or
tion of the robust formation of a disulfide bond between between neighboring subunits), is favored compared
C481 residues was unexpected. Several previous stud- with formation of the C481-C481 disulfide bond, which
ies have examined modification of C481 by various cys- can form in only one way, between neighboring subunits
teine-specific reagents (Brown et al., 2000; Gordon et (Figure 8A).
al., 1997; Zheng and Zagotta, 2001), but no previous
reports have suggested that it could form a disulfide
bond with C481 on another subunit. Although rare con- Positional Selectivity of the C Linker-
N-Terminal Interactionformations of a protein can certainly be trapped by disul-
fide bond formation, the propensity of C linker regions The concatenated dimer approach used to study posi-
tional selectivity in the C481-C481 disulfide bond alsoto participate in the C481-C481 disulfide bond suggests
that proximity between C linker regions may be preva- allowed us to study positional selectivity in the C35-
C481 disulfide bond. We found that this interaction couldlent in functional channels.
It has previously been shown that a C35A mutation occur either within a subunit or between subunits. The
positional selectivity of the C481-C481 disulfide bondin a wild-type channel (in which C481 and five other
native cysteines are still present) dramatically reduced suggests that the C linker region is positionally con-
strained. Does the ability of C35 to come near C481 inthe magnitude of potentiation observed with a five mi-
nute Cu/P plus cGMP treatment (Gordon et al., 1997). two different subunits mean that the N-terminal region
is promiscuous? The cartoon in Figure 8B presents aWe have eliminated differences in the constructs used
as a source of the difference between this previous more compelling explanation; here, the regions of the
channel containing C35 and C481 for two neighboringstudy and the experiments presented here (Figure 7).
Our data obtained with CNGA1-C35A channels (ex- subunits are shown in the closed and open states. In
the closed state, C481 is shown as being either inacces-pressed from the same sample of RNA as used in the
previous study) are similar to the data obtained with the sible or unreactive. Opening of the channel involves
a conformational change of C481 so that it becomesc7-C481 and c7-C35,C481 constructs (Figures 1, 2, and
7). Very short (1 min) treatments with Cu/P plus cGMP accessible or reactive. Because C481 residues of neigh-
boring subunits are in close proximity, a disulfide bondwere sufficient to produce potentiation that was more
pronounced than previously reported. It is possible that can form between them under oxidizing conditions. Fur-
ther, the region of the N-terminal containing C35 is alsoan increased oxidizing potential in our solutions in-
creased the rate of disulfide bond formation so that even close to this part of the C linker region. Because C481
Subunit Interactions in CNGA1 Channels
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Figure 8. Integrative Model for Interaction among C Linker Regions and between the N-Terminal and the C Linker Regions
(A) The left side depicts the dimers studied. The presence or lack of potentiation by Cu/P are depicted on the right side for each dimer as 
or , respectively.
(B) The closed state of the channel is represented on the top part of the figure, with C481 inaccessible/nonreactive. The middle and bottom
panels represent the open state of the channel (after addition of cGMP), with C481 accessible/reactive. After exposure to Cu/P, three
possibilities can be obtained (lower panel): (1) interaction between cysteines in the C linkers of neighboring subunits. A disulfide bond forms
between C481 residues in the C linker region when the channel is open (in the presence of cGMP) and is shown as a dotted line connecting
the cysteines; (2) interaction between cysteines in the N-terminal and C linker regions of the same subunit. A disulfide bond (dotted line
connecting the cysteines) can be formed between C35 (N-terminal) and C481 (C linker); and (3) interaction between cysteines in the N-terminal
and C linker regions of neighboring subunits. After Cu/P, a disulfide bond can be formed between C35 and C481 of adjacent subunits, as
shown by the dotted line connecting the cysteines.
residues of neighboring subunits are essentially in the We found that for seven patches examined, there was
not a statistically significant correlation between thesame place, C35 in the N-terminal region can reach them
both. magnitude of the cGMP-activated current and the in-
crease in leak caused by Cu/P treatment (p  0.05). An
examination of the size of the leak relative to the cGMP-Does Disulfide Bond Formation Increase
the Probability of Unliganded Openings? activated current revealed that the leak increased to as
little as 1% of the size of the current evoked by a saturat-CNGA1 and CNGA2 channels have both been observed
to have a finite, but small, probability of opening in the ing concentration of cGMP. Thus, an upper limit on what
the unliganded open probability might be after disulfideabsence of ligand (Ruiz and Karpen, 1999; Tibbs et al.,
1997). If the potentiation caused by Cu/P were to act, bond formation might be in the range of 0.01. Although
this is much larger than the 106–105 expected for un-in part, by increasing the free energy difference between
the open and closed states for all closed states, then modified channels, it is likely that much of the current
we observed as leak really represented endogenousan increase in the open probability in the absence of
ligand ought to be observed. To examine this question, oocyte channels. Single-channel experiments would be
required to definitively address this question.we calculated the correlation between the maximum
current and the increase in leak observed after Cu/P
treatment. The increase in the leak caused by Cu/P is Dimer Interfaces in Other Ligand-Gated Channels
The formation of a disulfide bond between cysteines inan imperfect measure of unliganded openings because
oxidation of endogenous oocyte channels causes a neighboring subunits tells us that the regions containing
these cysteines lie in close proximity in functional chan-large increase in their activity (data not shown). Never-
theless, it provides an upper limit to the number of CNG nels. C481 is positioned just a few amino acids away
from the cyclic nucleotide binding domain (CNBD).channels that may be open in the absence of ligand.
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DNA coding for the linker sequence QQQQQQQQIEGRQQQQQQWhereas CNG channels clearly function as tetramers at
QQA followed by an NcoI restriction site. An NcoI restriction sitethe level of the pore, it has previously been suggested
was engineered at the initial methionine of the second subunit,that they may function as a “dimer of dimers” at the
leading to mutation of amino acid 2 from lysine to glutamate. The
level of the CNBD (Liu et al., 1998). Such dimerization DNAs of each of the two subunits were then cut with NcoI and
has already been proposed at a position of the C linker another unique restriction enzyme, NheI, and the two were ligated
together to form a tandem sequence of two protomers separatedproximal to S6, H420. It has been shown that H420 che-
by the linker sequence. The DNA and reverse-transcribed RNA werelates a Ni2 between neighboring, but not opposite, sub-
checked for recombination on agarose gels.units (Gordon and Zagotta, 1995b). Ni2 can also cause
potentiation or inhibition of activation when applied to
Heterologous Expression of Channels in Xenopus Oocytesmutant channels in which histidines have been engi-
Segments of ovary were removed from anesthetized Xenopus laevis.
neered at various positions between S6 and 420 (John- After gross mechanical isolation, individual oocytes were defollicu-
son and Zagotta, 2001). These functional effects of Ni2 lated by incubation with collagenase 1A (1mg/ ml) in Ca2-free OR2
are consistent with either a 4-fold symmetric or a dimer medium (82.5 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, and 5 mM HEPES,
pH 7.6) for 1.5–3 hr. The cells were then rinsed and stored in frogmodel. However, even if the region of the C linker proxi-
Ringer’s solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mMmal to S6 were 4-fold symmetric, the CNBD—60 amino
MgCl2, and 5 mM HEPES, pH 7.6) at 14C. Oocytes were injected withacids away—might have a different symmetry.
50 nl mRNA solution within 2 days of harvest. Electrophysiological
Structural evidence from other types of ion channels recordings and/or biochemistry were performed 2–10 days after
is consistent with a departure from a 4-fold axis of sym- injection. After brief exposure to a hypertonic medium, the vitelline
metry in ligand binding domains. The RCK domain of membrane was stripped from each oocyte with forceps, and the
oocyte was then used for patch-clamp experiments.BK channels has been shown to have a dimer interface
in the crystal structure (Jiang et al., 2001). This Ca2
Electrophysiologybinding domain is positioned after the S6 transmem-
Inside-out patch-clamp recordings were made using symmetricalbrane domain, like the C linker in CNG channels. The
NaCl/HEPES/EDTA solutions consisting of 130 mM NaCl, 3 mM
ligand binding domain of GluR2 also has a dimer inter- HEPES, and 200 M EDTA (pH 7.2), with cGMP and cAMP added to
face in the crystal structure, with residues important for the intracellular solution only. The solution bathing the intracellular
desensitization positioned at the points of intersubunit surface of the patch was changed using an RSC-200 rapid solution
changer (Molecular Kinetics, Pullman, WA). Copper(II) phenanthro-contact (Armstrong et al., 1999). Thus, these regions
line (Cu/P; Kobashi [1968]) was prepared as follows: a 5 mM 1,10-appear to be structural dimers with their potential for
phenanthroline stock in dry ethanol and a 1.5 mM cupric sulfatefunctional dimerization open to speculation. Our data
stock in water were diluted to final concentrations of 5 M phenan-
combined with those discussed above suggest a pattern throline and 1.5 M cupric sulfate in a solution containing 130 mM
of dimerization in ion channel ligand binding domains. NaCl and 3 mM HEPES (pH 7.2); as indicated in the text, 2 mM
It remains to be seen whether such divergence from a cGMP or 20 mM cAMP were present in this solution as well. Cu/P
solutions were used for up to 2 days after preparation. Cu/P was4-fold axis of symmetry in ligand binding domains is
applied to patches for 1–5 min as indicated in the text and figurefunctionally relevant to a wide variety of ligand-gated
legends. DTT was made as a 1 M stock in the NaCl/HEPES/EDTAchannels.
solution and diluted to a final concentration of 2 mM in the NaCl/
HEPES/EDTA solution with 4M cGMP. The DTT solution was made
Experimental Procedures fresh daily. For experiments in which iodine was applied to the
cytoplasmic surface of patches, a final concentration of 300 M
Site-Directed Mutagenesis was used and was prepared fresh for each patch. All chemicals
Three different bovine rod-channel constructs were produced by were purchased from Sigma Chemical Co. (St. Louis, MO).
introducing mutations into the CNGA1c7 cysteineless channel (Ma- Pipettes were polished to a resistance of 0.3–1 M, and immedi-
tulef et al., 1999) containing a FLAG epitope tag in its C terminus. ately before use were dipped in a seal glue composed of one part
The introduced mutations consisted of the reintroduction of C35 light mineral oil and one part heavy mineral oil, with 10% parafilm
(c7-C35), C481 (c7-C481), or C35 in combination with C481 (c7- beads to promote formation of high-resistance seals (Hilgemann
C35,C481) into the sequence of this channel. To eliminate confusion and Lu, 1998). Currents were low pass-filtered at 2 kHz and sampled
that could be caused by the potential binding of the Cu2 used in at a 10 kHz with an Axopatch 200B (Axon Instruments, Union City,
oxidation to the Ni2 binding site, all physiology experiments were CA). Data were acquired and analyzed with the PULSE data acquisi-
performed in channels also containing the H420Q mutation, which tion software (Instrutech, Elmont, NY) and were plotted and fit using
eliminates the Ni2 binding site (Gordon and Zagotta, 1995a). Igor Pro (Wavemetrics Inc., Lake Oswego, OR). For each experiment,
Throughout the rest of the text, we use the abbreviation “c7” to currents in response to low and high concentrations of cGMP were
refer to this cysteineless-background CNGA1 channel. monitored for several minutes and further experimentation did not
Point mutants were constructed by a method involving oligonucle- proceed until these values had stabilized. This was necessary be-
otides synthesized to contain a mutation in combination with wild- cause of a “run-up” in the fractional activation by cGMP that occurs
type oligonucleotides in PCR amplifications of fragments of the with time and has been previously shown to represent dephosphory-
cDNA. The product of the PCR reaction was then cut with two lation by endogenous patch-associated phosphatases (Gordon et
different restriction enzymes to generate a cassette containing the al., 1992; Molokanova et al., 1997). All currents shown are dif-
mutation. The cassette was then ligated into the channel cDNA ference currents in which the current in the patch in the absence
cut with the same two restriction enzymes. After transformation of of cyclic nucleotide has been subtracted. All dose-response curves
bacteria with the ligation product, single isolates were selected, and were measured at 100 mV at room temperature. Smooth curves
the entire region of the amplified cassette was sequenced to check shown in dose-response relations are fits with the Hill equation:
for the mutation and ensure against second-site mutations. mRNA I  Imax([cGMP]n/(K1/2n  [cGMP]n)). Data are reported as the mean 
was synthesized in vitro using a standard reverse transcription kit SEM. The statistical significance was obtained with a two-tailed
(mMessage mMachine, Ambion, Austin, TX). Student’s t test.
SDS/PAGE and Western BlotProduction of Concatenated Dimers
Dimer DNA was made as previously described (Gordon and Zagotta, After channel expression was confirmed using electrophysiological
methods, oocytes were prepared based on the method of Rho et1995b). Briefly, the stop codon of one subunit was replaced with
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al. (2000). Typically, 15–20 oocytes were lysed by trituration in 200 Jan, L.Y., and Jan, Y.N. (1990). A superfamily of ion channels. Nature
345, 672.l of a solution containing 100 mM Tris-HCl, 100 mM NaCl, 0.5%
Triton X-100, 0.05 mg/ml pepstatin, 0.05 mg/ml leupeptin, and 0.05 Jan, L.Y., and Jan, Y.N. (1992). Tracing the roots of ion channels.
mg/ml aprotinin (pH 8.0). 2 mM NEM was then added and the homog- Cell 69, 715–718.
enate incubated 15 min. The homogenate was then centrifuged at Jiang, Y., Pico, A., Cadene, M., Chait, B.T., and MacKinnon, R.
14,000 rpm for five minutes at 4C in a Jouan CR3i centrifuge. 10 (2001). Structure of the RCK domain from the E. coli K channel
l of supernatant was removed, mixed with 20 l Laemmli sample and demonstration of its presence in the human BK channel. Neuron
buffer, and subject to SDS/PAGE using NuPage 3%–8% Tris-Ace- 29, 593–601.
tate precast gels (Invitrogen Corp., Carlsbad, CA). Proteins were
Johnson, J.P., Jr., and Zagotta, W.N. (2001). Rotational movementthen transferred to a PVDF membrane and Western blot analysis
during cyclic nucleotide-gated channel opening. Nature 412,performed using M2 anti-FLAG primary antibody. Chemiluminescent
917–921.detection was then performed using the SuperSignal West Femto
Kobashi, K. (1968). Catalytic oxidation of sulfhydryl groups bykit (Pierce, Rockford, IL). For SDS/PAGE experiments using iodine,
o-phenanthroline copper complex. Biochim. Biophys. Acta 158,approximately 50 nl of 300 M iodine with or without 2 mM cGMP
239–245.were injected into oocytes expressing c7-C481 or c7 RNA. The
oocytes were then incubated in Ca2-free OR2 containing the same Liu, M., Chen, T.Y., Ahamed, B., Li, J., and Yau, K.W. (1994). Calcium-
iodine and cGMP concentrations for 24 hr at 14C. Before the lysis calmodulin modulation of the olfactory cyclic nucleotide-gated cat-
step, oocytes were placed in a bath containing frog Ringer’s solution ion channel. Science 266, 1348–1354.
and 2 mM NEM for 20 min to quench the oxidation reaction. After Liu, D.T., Tibbs, G.R., Paoletti, P., and Siegelbaum, S.A. (1998).
rinsing the oocytes several times with fresh Ringer’s solution, the Constraining ligand-binding site stoichiometry suggests that a cy-
oocytes were treated as above, except that 2 mM NEM was also clic nucleotide-gated channel is composed of two functional dimers.
included in the lysis buffer. For experiments with DTT, oocytes were Neuron 21, 235–248.
treated with iodine and cGMP as above, but the lysis and sample
Matulef, K., Flynn, G.E., and Zagotta, W.N. (1999). Cysteine-scanningbuffers contained 100 mM DTT.
mutagenesis of the cyclic nucleotide-gated channel ligand binding
domain. Biophys. J. 76, A337.
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